The complete nucleotide sequence of the genome of the fish rhabdovirus infectious haematopoietic necrosis virus (IHNV) has been determined after cDNA cloning of the viral genomic RNA. Sequence analysis showed the presence of six open reading frames encoding the nucleoprotein N, the matrix proteins M1 and M2, the glycoprotein G, a so-called non-structural protein NV, and the RNA polymerase L. The genome organization is 3' N-MI-M2-G-NV-L 5'. The extreme 5' and 3' ends of the genome were sequenced after RNA ligation or RACE. Prokaryotic expression products of the open reading frames predicted to encode the matrix proteins M1 and M2, the glycoprotein G and the NV protein reacted with rabbit anti-IHNV serum thereby confirming their identity. This is the first complete nucleotide sequence of a fish rhabdovirus. Knowledge of the complete sequence is an essential prerequisite for future manipulation of the genome and also serves to provide gene-and protein-specific reagents for use in further examination of the replication of the fish rhabdoviruses.
Introduction
Infectious haematopoietic necrosis (IHN) is an acute disease of salmonids characterized by rapid disease progression and high mortality. IHN virus (IHNV) is enzootic in the sockeye salmon population on the west coast of North America (McAllister, 1979) . In recent years rainbow trout has gained importance as an additional major host for IHNV. In 1977 the disease was introduced into Japan and in 1987 it appeared in Europe (Bovo et al., 1987; Laurencin, 1987; Sano et al., 1977) . It now represents a major threat to aquaculture all over Europe.
IHNV is a member of the rhabdovirus family which also includes other pathogens such as vesicular stomatitis virus (VSV) and rabies virus (RV). Ultrastructurally, rhabdoviruses display a bullet-shaped morphology with glycoprotein spikes projecting from the viral envelope. The genome is associated with the nucleoprotein N in a ribonucleoprotein core. The rhabdovirus genome consists of an unsegmented single-stranded RNA of approxi-* Author for correspondence. Fax +49 38351 7219.
The complete nucleotide sequence of the IHNV genome (N, M 1, M2, G, NV and L genes) has been deposited in GenBank and assigned the accession number X89213. mately 11-12 kb with negative polarity (reviewed in Baer et al., 1990; Wagner, 1990) . So far, complete genomic sequences have only been determined for VSV and RV (Rose, 1980; Tordo et al., 1988; Conzelmann et al., 1990) . The availability of complete sequence information on rhabdovirus genomes, including that for the authentic genomic termini, was a major prerequisite for the recent successful establishment of a system allowing synthesis and manipulation of infectious rhabdovirus RNA (Schnell et al., 1994) . This achievement opens the way for genetic manipulation of rhabdoviruses following the example set for RNA viruses containing plus-stranded genomes.
The IHNV genome has been reported to consist of approximately 11000 bases (Hill et al., 1975; Kurath & Leong, 1985) . Differences were observed between IHNV and other rhabdoviruses. IHNV was reported to specify six mRNAs rather than five mRNAs as is found for the other rhabdoviruses analysed to date (Kurath et al., 1985; Kurath & Leong, 1987) . These five mRNAs encode the viral structural proteins RNA polyrnerase (L), envelope glycoprotein (G), nucleocapsid protein (N) and the two matrix proteins (MI and M2) . The sixth IHNV rnRNA encodes a unique so-called non-structural protein which is synthesized in infected cells but appears to be excluded from mature virions (Kurath et al., 1985; Kurath & Leong, 1985 . Based on the available data, the gene organization of the IHNV genome has been proposed as 3' N-M1-M2-G-NV-L 5' (Kurath et al., 1985; Kurath & Leong, 1985 Isolation of RNA. RNA was extracted from virions by the guanidinium thiocyanate procedure as described by Chomzynski & Sacchi (1987) .
eDNA cloning. Virion RNA was used as a template for construction of eDNA libraries. Five micrograms of genomic RNA were incubated with 5 pmol phage T4 polynucleotide kinase-treated specific primer for 5 min at 65 °C and for an additional 5 min at 37 °C. After primer annealing the assay was adjusted to 50 mM-Tris HC1 at pH 8.3, 60 mM-KCI, 10mM-MgCL, l mM-DTT and 20U RNasin ribonuclease inhibitor (Promega) and incubated for 15 rain at 37 °C. Thereafter 2-5 mM of each deoxynucleotide triphosphate (dNTP) and 50 U of Moloney murine leukaemia virus reverse transcriptase (Gibco BRL) were added and first-strand cDNA synthesis was allowed to proceed for 1 h at 43.5 °C. The oligonucleotide primer for the first-strand cDNA was derived from the published sequence of the IHNV N gene (5' C GGA TCA CGA ACG ATG ACA AGC GCA C 3') (Gilmore & Leong, 1988) . Subsequent eDNA syntheses were executed by gene walking using primers deduced from our own sequence determinations. Second-strand synthesis was performed using the appropriate reaction mix from a cDNA synthesis kit (Pharmacia Biotech). The Klenow fragment generated by DNA polymerase was used to create bluntended cDNA before EcoRI adaptors (Pharmacia) were added. After selection for long cDNA fragments by agarose get electrophoresis, they were ligated into EcoRI-digested 2 ZAP II arms (Lambda ZAP II/EeoRI/Gigapack II Cloning Kit, Stratagene) or into EcoRI-digested and dephosphorylated pUC18 vector (Pharmacia). The resulting libraries were screened with [32P]ATP-labelled oligonucleotides (phage cloning) or with fluorescein-dUTP-labelled primers (insertion into pUC18 vector) derived from our own sequence data.
Cloning of the 3" and 5" termini of the IHN V genome. The termini of the IHNV genome were cloned by RNA ligation followed by RT-PCR. To determine the authentic 3' and 5' ends of the IHNV genome 5 lag of virus RNA was ligated in the presence of 100 pmol of RNA ligation primer 5' GAG ATC ATC ATC ATC ATC GAG 3' in a final volume of 10 lal of [igation buffer (75 mM-Tri~HCI at pH 7-5, 0-1 mM-ATP, 10 mM-MgCI2, 5 mM-DTT, 10% DMSO and 50 U RNasin) with 50 U of RNase-free RNA ligase (Pharmacia). The reaction mixture was incubated at 25 °C for 6 h and the ligation product was purified by phenol-chloroform extraction and isopropanol precipitation. Prior to cloning the 3' end of the genome the RNA ligation primer was treated with phage T4 polynucleotide kinase (Sambrook et al., 1989) . Firststrand synthesis was primed with 3' antisense RNA ligation primer (5' CTC GAT GAT GAT GAT GAT CTC 3') for cloning the 3' end and with IHNV-specific primer complementary to nt 10880-10909 (IX3; 5' CAT CTT CGC ATC ATT CAA ACT ACA AAG CGG 3') for cloning the 5' end of 1HNV genome. PCR amplification of the 3' end of the genome was performed with a specific primer complementary to nt 320-346 (INC; 5' AGC GGG CGG TGA GTC AAG TCG GAG GAG 3'). Using 5' antisense RNA ligation primer (5' CTC TAG TAG TAG TAG TAG CTC 3') and synthetic oligonucleotide IX3 the 5' end of the IHNV genome was amplified by PCR. The RT-PCR products were cloned blunt-ended into the SmaI site of plasmid pSP73 and sequenced.
PCR amplification. Plasmid DNA (50-100 ng) or the complete cDNA first-strand reaction product were amplified in 30 ml~-Tricine, pH 8.4, 2 mM-MgC12, 5 mM-2-mercaptoethanol, 0.01% gelatin, 0.1% Thesit, 100 pmol of selected primers, 200 laM of each dNTP and 2 U Vent DNA polymerase (New England Biolabs) (Ponce & Micol, 1992) . The reaction was performed in a DNA temperature cycler Autogene II (CLF Grant) for 30 cycles. The denaturation, annealing and extension conditions were 93 °C (1 rain), 55 °C (2 min) and 72°C (30s), respectively, followed by a final incubation for 1 min at 72 °C.
Sequence analysis. The sequence of both strands was determined by the dideoxynucleotide chain termination method according to standard protocols (Sequenase version 2.0 DNA and Sequenase 7-deaza dGTP sequencing kits, USB/Amersham). Sequences were assembled and analysed with the Genetics Computer Group package version 7.3.1-Unix (Devereux et al., 1984) .
Construction of expression plasmids. Specific primers containing a
NdeI restriction site at the 3' end of the respective gene (genomic polarity) and a JFhoI site at the 5' end of genes M 1, G, and NV, or a HindIII site at the Y end of the M2 gene, were used for amplification by PCR of the distinct M1, M2, G and NV genes. As templates for PCR, the respective eDNA clones encompassing the gene of interest were used, with the exception of the glycoprotein gene, which was amplified by RT PCR on genomic IHNV RNA. Products were cloned blunt-ended into the vector pSP73 (Promega). After digestion with NdeI and XhoI or HindIII, respectively, fragments were subcloned into NdeI/Xhol-or NdeI/HindIII-cleaved expression vector pET-23b (Novagen, Angewandte Gentechnologie Systeme). In the resulting recombinant plasmids the distinct genes MI, M2, G and NV were under the control of the phage T7 promoter. Translation should start at the respective authentic start codon. XL1-Blue MRF' ceils (Stratagene) that had been transformed with positive clones were screened by restriction endonuclease analysis and partially sequenced to confirm correct insertion. Plasmids were then isolated and retransformed into Escherichia coli BL21 pLysS cells expressing phage T7 RNA polymerase after induction by IPTG (Studier & Moffatt, 1986) .
Prokaryotie expression of IHNV proteins. LB medium (2m l)
containing 50 Izg/ml methicillin, 50 lag/ml ampicillin and 34 lag/ml chloramphenicol was inoculated with a freshly picked bacterial colony and incubated under constant shaking until the OD600 reached 0.8. Bacteria were collected by centrifugation for 5 s at 500g and resuspended in 20 ml of fresh medium. The culture was further incubated at 37 °C until an OD~00 of 0.8 was reached. Expression of the inserted gene was induced by addition of IPTG up to a final concentration of 1 mM. After an additional 1-5 h at 37 °C the bacteria were again collected by centrifugation and then washed twice in icecold 50 mM-Tris HC1, pH 7.6. The final bacterial pellet was frozen at 70 °C for 10 rain, cells were lysed in 2% SDS and 2% 2-mercaptoethanol, and lysates were analysed by SDS PAGE in a Miniprotean II (Bio-Rad). Immunodetection was performed after electrotransfer of the proteins to nitrocellulose membranes. As secondary antibodies horseradish peroxidase-conjugated rabbit IgGs were used and the binding was visualized by ECL detection (USB/Arnersham). Rabbit anti-IHNV serum was prepared after immunization of a rabbit with IHN virions.
Results

Determination of the complete IHNV genomic sequence
cDNA libraries were constructed from genomic RNA isolated from IHNV virions. The cloning strategy is depicted in Fig. l(a) . The first eDNA clones were established using an oligonucleotide primer deduced from the published sequence of the IHNV N gene (nt 94-119 of EMBL/GenBank accession no. J04321; Gilmore & Leong, 1988 ; corresponds to nt 162-187 of the complete IHNV sequence presented here). IHNVspecific inserts were identified by hybridization with a a2P-labelled oligonucleotide designated IN 783 corresponding to nt 783-800 of the published IHNV-N sequence (corresponds to nt 851-868 of the complete IHNV sequence presented here). Additional eDNA libraries were generated by priming first-strand eDNA synthesis with IHNV-specific oligonucleotides deduced from our own sequence determinations (gene walking). IHNV-specific fragments with the longest inserts were identified and sequenced. At least three independently derived clones were sequenced in both orientations to verify any particular area of the genome. Only one representative for each eDNA clone set is shown in Fig. 
(a).
The 3' and 5' ends of the IHNV genome were cloned by figation of genomic IHNV RNA to synthetic oligonucleotides followed by PCR with an internal oligonucleotide primer deduced from our sequence. From each assay, six independent clones were sequenced to ascertain the presence of authentic Y and 5' termini. Whereas the cloning of the 3'-terminal sequences proved to be highly efficient by this method the efficiency of obtaining clones containing the 5' end was rather low. Therefore, 5'-RACE techniques were used as a second independent method to confirm the sequence of the authentic 5' terminus. Using these techniques the complete nucleotide sequence of the 1HNV genome has been established. It consists of 11 137 nucleotides and encompasses six major predicted ORFs (Fig. 1 a) .
(i) ORF1
The first ORF, extending from nt 175-1350, contains 391 codons and corresponds to the previously described gene encoding the nucleoprotein N with a deduced molecular mass of 42 kDa. The deduced amino acid sequence of the N protein presented here exhibits 83 % identity to the N protein sequence of isolate RB (Gilmore & Leong, 1988) . Differences are mainly located in the region between aa 77-105 and in an area close to the carboxy terminus of the protein.
(
ii) ORF2
The second ORF, which starts at nt 1474 and ends at nt 2166, contains 690 nucleotides with a coding capacity for a 26 kDa protein consisting of 230 amino acids. A putative transcription initiation site. 5' AACA 3', is located at position 1470. The deduced amino acid sequence shows 37 % identity to the deduced sequence of the M 1 protein of viral haemorrhagic septicemia virus (VHSV) (Benmansour et al., 1994;  see Table 1 ) which indicates that this ORF encodes the IHNV M1. No significant homology to matrix proteins of other rhabdoviruses has been detected (Rose, 1980; Tordo et al., 1988;  see Table 1 ).
(iii) ORF3
In a position collinear with that found in other rhabdoviruses, an ORF located between nt 2263 and 2850 encodes the IHNV matrix protein M2. The resulting protein consists of 195 amino acids with a calculated molecular mass of 22 kDa. A second possible start codon is found in-flame at position 2419. However, only the first start codon is in a context favourable for translation initiation (5' RNNATG 3') whereas the second ATG is unlikely to initiate protein synthesis due to its poor context (5' YNNATG 3") (Caverner, 1987) . Comparison of the deduced amino acid sequences of IHNV and VHSV M2 shows 37% identity (Benmansour et al., 1994 ; see Table 1 ) whereas similar to the situation for the M 1 protein no significant identity to matrix proteins of other rhabdoviruses was detectable (Benmansour et al., 1994; Kiuchi & Roy, 1984; Rose, 1980; Tordo et al., 1988) .
(iv) ORF4
The ATG at nucleotide position 3007 is in a favourable translation initiation context and most likely represents the start codon of the glycoprotein gene whereas in- 
N-M1
MI-M2 are probably not used (Koener et al., 1987; Kozak, 1987; Rose, 1980) . The IHNV G gene extends until position 4533 and consists of 1524 nucleotides. The IHNV G gene is well characterized and our results confirm previous data (Koener et al., 1987; Xu et al, 1991) . The identity between the G protein of the IHNV strain described here and the published sequence of IHNV isolate RB (Koener et al., 1987) amounts to 98 %.
(v) ORF5
Another ORF is located between nt 4319 and 4939 overlapping in a different reading frame with the G gene Two additional possible start codons are found at positions 4604 and 4631 The ATG at position 4604 is situated in a perfect translation initiation context as proposed by Kozak (1987) and, therefore, it is likely that it represents the start codon for a 111 amino acid protein with a molecular mass of 13 kDa. The existence of a gene located between the G and L genes has been predicted by R-loop analyses (Kurath & Leong, 1985) and it has been proposed that this hypothetical gene may encode the socalled NV protein which has been detected in infected cells but not in mature virions (Kurath et al., 1985; Kurath & Leong, 1985) . Therefore our sequence confirms the existence of and for the first time gives actual sequence data for this rhabdoviral gene.
(vi) ORF6
The sixth ORF, which starts at nt 5025 and ends at nt 10 985, is the largest gene predicted in the IHNV genome. It is capable of encoding a 1986 amino acid protein of approximately 225 kDa. The presence of highly conserved motifs A, B, C and D located between aa 558 and 832, which are typical for L proteins of viruses with a non-segmented single-stranded genomic RNA of negative polarity show that this ORF encodes the IHNV polymerase L (Tordo et al., 1992 ). An alignment of the proposed catalytic domains of the IHNV L protein compared with other RNA-dependent RNA polymerases is shown in Fig. 2 .
(vii) Intergenic regions
The intergenic region contains the conserved sequence 5' A G A Y A G / C 3' (antigenomic polarity) which is followed by a stretch of seven adenosine residues. This sequence is present at the end of every sizeable ORF found in the IHNV genome and is similar to that found in intergenic regions of VHSV [AGATAG ( . However, no identity exists with the common eukaryotic consensus polyadenylation signal (Benmansour et al., 1994 : Bernard et al., 1990 Thiry et al., 1991; Gallione & Rose, 1983; Rose, 1980; Tordo et al., 1988) . A comparison of the intergenic regions of IHNV is presented in Fig. 3 .
Expression of predicted I H N V ORFs in E. coli
To confirm the location of the ORFs predicted from the nucleotide sequence to encode matrix proteins M1 and M2, glycoprotein G and the NV protein, these were expressed in E. coli and subsequently reacted with a rabbit anti-IHNV serum.
(i) Proteins M1 and M2
The location of fragments for expression of proteins M 1 and M2, as obtained by PCR, is shown in Fig. 1 (b) . After expression, bacterial tysates were analysed by SDS P A G E (Fig. 4) . The M1 protein migrated with an apparent molecular mass of 29 kDa (Fig. 4, lanes 2 and  3) , whereas M2 migrated as a 20 kDa protein (Fig. 4 , lanes 4 and 5). Both sizes are comparable to those of authentic M 1 and M2 proteins as found in IHNV virions (Fig. 4, lane 8) . To analyse the antigenicity of the expressed proteins after transfer to nitrocellulose, they were reacted with a rabbit anti-IHNV serum. Both M1 (Fig. 4b , lanes 2 and 3) and M2 proteins (Fig. 4b , lanes 4 and 5) were recognized by the anti-IHNV serum confirming their authenticity.
(ii) Glycoprotein G The complete G gene starting with the second possible ATG at nt 2953 was expressed in E. coli and analysed. The location of the fragment used for this expression is shown in Fig. 1 (b) . The 59 kDa E. coli expression product ( Fig. 4a , lanes 6 and 7) reacted with the anti-IHNV serum after Western blotting (Fig. 4b , lanes 6 and 7). Faster migration of the E. coli-expressed G protein as compared to virion-derived G protein is presumably due to the lack of glycosylation in the prokaryotically expressed protein.
(iii) Protein N V The NV gene was amplified from nt 4604-4939 by PCR using a eDNA clone as template. The location of the fragment is shown in Fig. 1 (b) . The predicted molecular mass of the expression product is 13 kDa. After induction of prokaryotic expression with IPTG followed by SDS-20 % PAGE a prominent band of approximately 13 kDa could indeed be seen in bacterial lysates (Fig. 5 a, lanes 2  and 3) . To examine the antigenicity of the expressed NV protein, Western blot analysis with the rabbit anti-IHNV serum was performed. As shown in Fig. 5 (b) , lanes 2 and 3 the anti-IHNV serum reacted with the 13 kDa NV protein.
Discussion
We report here the first complete nucleotide sequence of the genome of a fish rhabdovirus, IHNV. The IHNV genome is 11137 nucleotides in length, which is in agreement with the previously estimated size for the virus RNA (Kurath et al., 1985; Kurath & Leong, 1985 . The deduced genome organization is presented in Fig. 1 and confirms previous predictions (Kurath et al., 1985; Kurath & Leong, 1985) . Viruses containing a single-stranded non-segmented RNA genome of negative polarity (NNS) are composed of a limited number of proteins ranging from five (family Rhabdoviridae, genus Lyssavirus, RV; genus Vesiculovirus, VSV) to ten (family Paramyxoviridae, subfamily Pneumovirinae, genus Pneumovirus, human respiratory syncytical virus). In general, their genomes are organized into three distinct conserved gene blocks encoding (1) the nucleoprotein and polymerase cofactors, (2) matrix and envelope proteins and (3) the polymerase (Tordo et al., 1992) . The regions separating these conserved gene blocks may contain additional genes, such as the second nucleoprotein gene (VP30) located in the block 2 3 interregion between the membrane protein VP24 and the L protein gene in the Filoviridae (Murphy et al., 1990) , the pseudogene ('psi') in RV located between the G and L genes (Conzelmann et aI., 1990; Morimoto et al., 1989; Sacramento et al., 1992; Tordo et al., 1986) , a second matrix protein (M2) in the pneumovirus RSV genome between the genes encoding the fusion protein F and polymerase L (McIntosh & Chanock, 1990) or the nonstructural glycoprotein gene located between the G and L genes in the genome of bovine ephemeral fever virus (Walker et al., 1992) . Our sequence analysis of the IHNV genome confirmed reports of the existence of an additional gene located between the G and L genes encoding a protein designated as NV which has not been detected in virions so far but is present in IHNV-infected cells. The presence of this NV gene is one of the major differences between IHNV and other members of the Rhabdoviridae that have been sequenced. Computer analysis predicted five possible phosphorylation sites within the NV protein, two with specificity for casein kinase II (aa 8 and 72), and three specific for protein kinase C (aa 44, 57 and 58). Whether the IHNV NV protein is indeed phosphorylated is unknown as is its role in the viral replication cycle. Surprisingly, the prokaryotically expressed NV protein reacted with the rabbit anti-IHNV serum in a Western blot. Whether this might be indicative ofa virion location for NV protein or whether the virion preparation used for immunization of rabbits contained contaminating infected cell debris is unclear. In contrast, NV protein was not detectable by Western blotting with the antiserum in our purified virion preparation. A specific anti-NV serum, which we are in the process of preparing, would help to solve this question.
A major characteristic of rhabdovirus genomes is the presence of a conserved polyadenylation sequence present at the termini of the individual protein-coding genes. In IHNV the sequence AGAYAG/C(A)7 is found at the termini of the ORFs, which is similar to respective sequences at the ends of the N, M1, M2 and G genes of VHSV (Bernard et al., 1990; Benmansour et al., 1994; Thiry et al., 1990) , VSV (Rose, 1980) and RV (Tordo et al., 1988) .
Another common feature in non-segmented negativestranded RNA virus genomes is the presence of complementary nucleotide motifs at the 3' and 5' ends of the genome. This is also true for the IHNV genome as shown in Fig. 6 . At the 3' end this motif is part of a 174 nt nontranslated leader sequence, whereas at the 5' end 152 non-translated nucleotides are found.
To examine possible relationships between IHNV and other rhabdoviruses, deduced amino acid sequences of IHNV proteins were compared with available deduced sequences of other rhabdoviral proteins. Results are shown in Table 1 . The respective proteins of IHNV and VHSV are approximately 37-42 % identical, whereas the identity to RV or VSV is significantly lower at 16-23 %. However, conserved motifs specific for particular proteins within the Mononegavirales were detected. Proteins M1 and M2 contain several potential phosphorylation sites. Similar to VHSV M1 protein, IHNV M1 protein contains a high proportion of approximately 9 % of serine (Ser) and threonine (Thr) residues, resulting in five conserved Ser (SXXE/D) and one Thr (KKTT) potential phosphorylation sites in addition to further phosphorylation motifs. The first 20 amino acids of IHNV M2 exhibit an especially high identity of 75% to the corresponding region of the VHSV M2 (Benmansour et al., 1994) .
The L gene product exhibits structural characteristics of the family of RNA-dependent RNA polymerases. Alignment of L protein sequences of IHNV and other rhabdoviruses highlights the high degree of identity. The acidic motif DLSTLD (aa 63-68) and the basic LKR motif (aa 240-242) are also represented in the IHNV L protein. The presence of the sequence GDN in motif C is in agreement with the previously described differences between the L proteins of segmented and non-segmented RNA virus genomes. The major motifs A (aa 559-574), B (aa 645-669), C (aa 682-692) and D (aa 837-849) found in RNA-dependent RNA polymerases are localized in the predicted catalytic domain of the IHNV polymerase. However, the distance between motifs C and D differs from that reported from related viruses (Tordo et al., 1992;  Fig. 3) .
Determination of the complete genome sequence of the fish rhabdovirus IHNV, the third complete rhabdoviral sequence determined following those of VSV and RV, forms the basis for further molecular studies on the replication of fish rhabdoviruses. Synthesis of infectious rhabdoviral particles derived from plasmid templates has recently been achieved in the rabies virus system (Schnell et al., 1994) . A similar approach should also be feasible for IHNV. This opens the way for further studies on the role that individual viral proteins play in the viral replication cycle and holds great promise for manipulation of the viral genome to genetically engineer a novel class of safe attenuated rhabdovirus vaccines.
